We identified an essential Saccharomyces cerevisiae protein, Tap42, that associates with Sit4, a type 2A-related protein phosphatase, and with the type 2A phosphatase catalytic subunits. The association of Tap42 with the phosphatases does not require the previously identified phosphatase subunits. Genetic analysis suggests that Tap42 functions positively with both phosphatases. Mutations in TAP42 can confer almost complete rapamycin resistance. In addition, Tap42/Sit4 and Tap42/PP2A complex formation is regulated by nutrient growth signals and the rapamycin-sensitive Tor signaling pathway. These findings, combined with the defect in translation of the tap42-11 mutant at the nonpermissive temperature, suggest that Tap42, Sit4, and PP2A are components of the Tot signaling pathway.
In Saccharomyces cerevisiae, very little is known about how nutrient growth signals are transduced into the events that commit cells to enter the cell cycle and divide. Rapamycin is a potent antifungal and immunosuppressive macrolide that arrests S. cerevisiae cells and certain mammalian cells in G 1 (Schreiber 1991; Cardenas et al. 1994) . In budding yeast, rapamycin inhibits the function of the Torl and Tor2 proteins, and dominant point mutations in either TOR1 or TOR2 can render a cell resistant to rapamycin (Heitman et al. 1991; Cafferkey et al. 1993; Kunz et al. 1993; Stan et al. 1994; Zheng et al. 1995) . Torl and Tor2 are homologous proteins that have a region related to phosphatidylinositol (PI) kinases and to double-stranded DNA-dependent protein kinase (Kunz et al. 1993; Hartley et al. 1995) . Cells lacking both TOR1 and TOR2 arrest with an unbudded phenotype, similar to rapamycin-treated cells (Kunz et al. 1993; Helliwell et al. 1994; Zheng et al. 1995) . Recently, it was shown that the Tor signaling pathway is required for the initiation of translation (Barbet et al. 1996) , and these investigators suggested that this signaling pathway may regulate translation initiation in response to nutrient growth signals. Besides the Tor proteins, however, no other components of this important signal transduction pathway are currently known.
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strates. PP2A (type 2A) and Sit4 are two important classes of serine/threonine protein phosphatases (Arndt et al. 1989; Cohen 1989; Stark et al. 1994) . The known forms of PP2A consist of a catalytic C-subunit bound to a regulatory A-subunit, and some forms have one of a number of regulatory B-subunits (Cohen 1989; Kamibayashi et al. 1991; Ruediger et al. 1991) . The association of the AC form with a B-subunit might determine the substrate specificity of the PP2A enzyme. In S. cerevisiae, the C-subunit is encoded primarily by two genes, PPH21 and PPH22, which encode proteins that are 91% identical (Sneddon et al. 1990; Ronne et al. 1991; Sutton et al. 1991a) . TPD3 encodes the 64-kD A-subunit, and CDC55 encodes a 60-kD B-subunit (Healy et al. 1991; van Zyl et al. 1992) . In budding yeast, PP2A catalytic subunit activity is essential, whereas Tpd3 and Cdc55 are not essential (Healy et al. 1991; Ronne et al. 1991; van Zyl et al. 1992} . PP2A activity has been implicated in the reorganization of the actin cytoskeleton, bud morphogenesis, and advancement from G2 into mitosis (Ronne et al. 1991; Lin and Arndt 1995) .
The SIT4 gene encodes the catalytic subunit of a type 2A-related phosphatase (Arndt et al. 1989) . The function of Sit4 is distinct from that of PP2A. Sit4 is required during G1 for the execution of Start, for bud formation, for the initiation of DNA synthesis, and for spindle pole body duplication (Arndt et al. 1989; Sutton et al. 1991a) . Sit4 is required for the execution of Start because it is required for the expression of the CLN1, CLN2, and PCL1 G1 cyclin genes (Fernandez-Sarabia et al. 1992) . The G1 cyclins bind to various cyclin-dependent kinases (CDKs), thereby activating the kinase activity (Richardson et al. 1989; Cross 1990; Tyers et al. 1992) . When some threshold level of G1 cyclin/CDK kinase activity is achieved, Start is executed and the cells are committed for DNA synthesis and entry into the cell-cycle. If Cln2 is provided from a Sit4-independent promoter, temperature-sensitive sit4-102 cells arrest with replicated DNA but are still mostly blocked for bud initiation (Femandez-Sarabia et al. 1992) . Therefore, in addition to G~ cyclin expression, Sit4 is also required in late G~ for bud formation. The major Sit4-associated proteins are the high molecular mass Sap155, Sap185, and Sapl90 proteins, which associate with Sit4 in a cell cycle-dependent manner and function positively with Sit4 (Sutton et al. 1991a; Luke et al. 1996) . The Sit4-associated proteins (Saps) are either effectors of Sit4 or positive regulatory subunits of Sit4 (Luke et al. 1996) .
In this report we identify Tap42 and show that it is an essential protein that associates both with Sit4 and with the catalytic subunits of PP2A. Tap42 provides a function that is distinct from the previously identified Sit4 and PP2A associated proteins. Tap42/Sit4 and Tap42/ PP2A complex formation is regulated by nutrient growth signals and requires the Tor-signaling pathway. This and other evidence suggests that Tap42 may be a component of the rapamycin-sensitive Tor-signaling pathway.
Results

Isolation of high copy number suppressors of a sit4-102 strain
To identify proteins that are substrates of Sit4, regulate Sit4, or can partially substitute for Sit4, we isolated high copy number suppressors of a temperature-sensitive sit4-102 strain (Sutton et al. 1991a ). In addition to SIT4 and SSDI-v (Sutton et al. 1991a) , three additional genes were isolated (see Materials and methods). To determine whether any of the three suppressors encode proteins that associate with Sit4, we labeled cells with gsS that overexpressed Sit4:hemagglutinin epitope (HA) and contained one of the three suppressors or a control vector. When the cells contained suppressor 1 in high copy number, a 155-kD protein was present at higher levels in the Sit4:HA immunoprecipitates (data not shown). Suppressor 1 was subsequently shown to be SAP155, which encodes one of the three Sap proteins known to associate with Sit4 (Sutton et al. 1991a; Luke et al. 1996) . Suppressor 2 was PCL1/HCS26 which encodes a G1 cyclin that associates with the Pho85 CDK and functions for progression through G1 (Ogas et al. 1991; Espinoza et al. 1994) . If Pcll associates with Sit4, it would not be apparent on the gel because Sit4:HA and Pcll have similar molecular masses. Suppression by PCL1 requires PH085 because a sit4-102 pho85~ strain was not suppressed (data not shown). Interestingly, overexpression (either gene in high copy number or expressed from the ADH1 promoter) of Pcll, but not the G1 cyclin Cln2 that associates with Cdc28, suppressed the sit4-102 strain (data not shown). Therefore, an increase in the levels of the Pcll/Pho85 kinase, but not the Cln2/Cdc28 kinase, can suppress the temperature-sensitive phenotype of a sit4-102 strain. These findings indicate either that Pcll/ Pho85 kinases can phosphorylate substrates that Cln/ Cdc28 kinases cannot or that Cln/Cdc28 kinases are Sit4 dependent while Pcll/Pho85 kinases are not. When the cells contained suppressor 3, a 42-kD protein was present at higher levels in the Sit4:HA immunoprecipitates (data not shown). In this report we present an analysis of the 42-kD protein, termed Tap42 (for reasons described below).
Tap42 has significant sequence identity to the murine a4 phosphoprotein
The DNA sequence of the TAP42 gene (see Materials and methods) predicts a protein of 42 kD that is 24% identical overall (37% similar including conservative substitutions) to the murine a4 protein, which becomes phosphorylated in response to stimulation of the immunoglobulin receptor in B cells (Fig. 1; Inui et al. 1995) . Whereas some of the (~4 protein is believed to exist beneath or at the cell membrane (Inui et al. 1995) , it is currently not known whether any Tap42 is associated with membranes (>80% of Tap42 is extracted in soluble lysates with a nondetergent breaking buffer; data not shown).
TAP42 encodes an essential protein
A diploid yeast strain with one of its two TAP42 genes replaced by the TRP1 gene was constructed (see Materials and methods). When the TAP42/tap4234 diploid was sporulated and the tetrads dissected and germinated on YP-glucose plates, only two of the four spores per tetrad gave rise to colonies. All viable spores were Trp-, indi- Feng et al. 1991) were grown to log phase and extracts were prepared. Sit4:HA, Pph21:HA, Pph22:HA, or Glc7:HA was precipitated with the anti-HA antibody, and Tap42 was detected on Western blots of the immunoprecipitates by use of anti-Tap42 antibodies. As expected from the experiments using 35S-labeled extracts, Tap42 coprecipitated with Sit4:HA (Fig. 2, lane 21 . Notably, Tap42 also coprecipitated both with Pph22:HA and with Pph21 :HA (Fig. 2, lanes 4,6) . Tap42 did not detectably coprecipitate with the type 1 phosphatase [Glc7:HA) and was not present in any of the untagged control lanes (Fig. 2 , lane 8 and lanes 1,3,5, and 7, respectively). Additionally, SaplS5 coprecipitated with Sit4:HA but not with the other phosphatase catalytic subunits (Fig. 2, lanes 2, 4, 6, 8) . Moreover, Tpd3 and Cdc55 coprecipitated with Pph21:HA and Pph22:HA but not at detectable levels with the other phosphatase catalytic subunits (Fig. 2, lanes 2, 4, 6, 8) . The amount of Tap42 protein was similar in the extracts as determined by Western analysis (Fig. 2 In addition to Tap42, a novel family of proteins, Sap155, Sap185, and Sapl90, associate with Sit4 (Sutton et al. 1991a; Luke et al. 1996) . In extracts from asynchronous cells, >50% of Sit4 is associated with a Sap. Sap155 and Sap 190 compete with each other for binding to Sit4, suggesting that they may bind to the same surface on Sit4 (Luke et al. 1996) . The Saps might be required for Tap42 to associate with Sit4 or Tap42 could bind directly to the Saps. Alternatively, Tap42 may compete with the Saps for binding to Sit4 and exist in an independent complex. To test these possibilities, 5 mg of extract containing Sap155:HA or Sapl90:HA or 1 mg of extract containing Sit4:HA was used for the immunoprecipitations. Tap42 coprecipitated with Sit4:HA (Fig. 3A , lane 5), but not at detectable levels with Sap155:HA or Saplg0:HA (Fig.  3A, lanes 1,3) . About 10%-20% of the Sap155 and Sapl90 present in extracts is associated with Sit4:HA (Luke et al. 1996) ; therefore, Tap42 does not. associate with the Saps that are not bound to Sit4. In addition, these findings suggest that Tap42 may not associate with Sap/Sit4 complexes.
In the extract from the wild-type strain, Tap42 and Sap155 associated with Sit4:HA (Fig. 3B, lane 2) . Interestingly, the amount of Tap42 coprecipitating with Sit4:HA increased for the strain deleted for the SAP genes (Fig. 3B, lane 3) , even though the amount of Tap42 protein in the extracts was similar (Fig. 3B , lanes 5,6). In summary, Tap42 does not require the Saps for binding to Sit4 and does not bind directly to Sap155 or Saplg0.
Tap42 can associate with Pph21 in the absence of Tpd3 and Cdc55
In budding yeast, the PP2A catalytic subunits associate with Tpd3 (A-subunit) and Cdc55 (B-subunit) (Healy et al. 1991; van Zyl et al. 1992) . For mammalian PP2A, the A-subunit associates directly with the PP2A catalytic subunit (the C-subunit). In vitro studies have shown, however, that the B-subunit associates with the AC form and not the C form (Kamibayashi et al. 1991; Ruediger et al. 1991) • Therefore, Tap42 might require Tpd3 or Cdc55 to associate with Pph21 and Pph22. Alternatively, Tap42 may exist in a complex with Pph21 and Pph22 independent of Tpd3 and Cdc55. Tap42, Tpd3, and Cdc55 coprecipitated with Pph21 :HA for the extract from the wild-type strain (Fig. 3C, lane 2) . Interestingly, although the amount of Tap42 in the extracts was similar, more Tap42 coprecipitated with Pph21:HA for the tpd3A extract (lane 3) as compared with the wild-type extract (lane 2) even though there was less Pph21:HA in both the immunoprecipitate and the extract for the tpd3A strain (Fig. 3C ). In addition, Cdc55 (a B-subunit) did not coprecipitate with Pph21:HA for the tpd3A extract (Fig. 3C, lane 3) , similar to the results found in vitro in higher eukaryotes. In summary, Tap42 can associate with Pph21 in the absence of Tpd3 and Cdc55.
Tap42 combines with Pph21 or Sit4 to give a n e w activity Overexpression of Pph21 (pADHI:PPH21) causes a slow growth rate (F. Lin and K.T. Amdt, unpubl.)..pADHI: PPH21 cells were transformed with a pGAL1 expression plasmid containing either TAP42ocoding sequences or no insert. The resulting strains grew at the same rate on YP-glucose plates, where Tap42 was not overexpressed (GALl promoter off; Fig. 4A ). If Tap42 turns off Pph21, then overexpressing Tap42 along with Pph21 should cure or partially cure the slow growth defect. However,
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. when these cells were streaked onto YP-galactose plates {where Tap42 is overexpressed), those cells overexpressing both Pph21 and Tap42 grew much more slowly than those overexpressing only Pph21 (Fig. 4A ). Overexpression of Tap42 in the presence of wild-type levels of Pph21 had no effect on the growth rate of the cells (data not shown). Therefore, Tap42 and Pph21 together give an activity that is not provided either by Tap42 alone or by Pph21 alone. Cells overexpressing Sit4 (pADHI:SIT41 grow only slightly slower than wild-type cells (data not shown). pADH1 :SIT4 cells were transformed with pGALl:TAP42 or the control plasmid. When these cells were streaked onto YP-galactose plates, those cells overexpressing both Sit4 and Tap42 grew slower than the cells overexpressing only Sit4 (data not shown). Overexpression of Tap42 by itself had no effect on the growth rate of the cells (data not shown). These in vivo tests suggest that Tap42 functions positively with both Pph21 and Sit4.
Alterations in Sit4 or Tap42 can give rapamycin resistance
Because rapamycin arrests yeast cells in G 1 and temperature-sensitive sit4 mutants arrest in GD we were interested in a possible connection between Sit4 and the Torsignaling pathway that is inhibited by rapamycin. Cells overexpressing Sit4 only, Pph21 only, or both Sit4 and Pph21, all from the ADH1 promoter, were tested for their ability to grow in the presence of rapamycin. Cells overexpressing Sit4 were weakly resistant to rapamycin (Fig. 4B) . In contrast, cells overexpressing Pph21 were as sensitive to rapamycin as the control cells (Fig. 4B) . Cells overexpressing both Sit4 and Pph21 were as weakly resistant to rapamycin as those overexpressing only Sit4 (Fig. 4B) . Therefore, overexpression of Sit4, but not Pph21, gives weak rapamycin resistance.
Wild-type and isogenic tap42-11 mutants (see Materials and methods) were also tested for their ability to grow in the presence of rapamycin. Similar to the dominant TOR mutations that confer rapamycin resistance (Heitman et al. 1991; Cafferkey et al. 1993 ), the tap42-11 strain was almost completely resistant to rapamycin at the permissive temperature {Fig. 4C). At the nonpermissive temperature (37°C), tap42-1I cells did not grow, whether or not rapamycin was present (data not shown).
The tap42-11 strain was transformed with wild-type TAP42 on a URA3/CEN plasmid or the same plasmid without an insert. The tap42-11 {TAP42} cells were rapamycin resistant but not quite as resistant as the tap42-11 {vector} cells [data not shown). Therefore, the tap42-11 allele is semidominant for rapamycin resistance. In contrast, the tap42oll allele is completely recessive to wild-type TAP42 for the temperature-sensitive phenotype. In addition, we have isolated two other rapamycinresistant alleles of TAP42 (data not shown). Therefore, similar to mutations in the TOR genes, mutations in the TAP42 gene can confer a rapamycin resistant phenotype and suggest that Tap42 and Sit4 may be components of the rapamycin-sensitive Tor-signaling pathway.
Rapamycin dissociates Tap42 from Sit4 and Pph21
Addition of rapamycin to exponentially growing cells rapidly caused the dissociation of Tap42 from Sit4:HA but had no effect on the association of Sapl90 or Sap155 with Sit4:HA (Fig. 5A, lanes 3-5) . In addition, rapamycin rapidly caused the dissociation of Tap42 from Pph21:HA but had no effect on the association of Tpd3 or Cdc55 with Pph21:HA (Fig. 5A, lanes 6-8) . Importantly, rapamycin did not affect the amount of Tap42 protein in the extracts (Fig. 5A, lanes 1-10) . Therefore, rapamycin does not decrease the levels of Tap42 but results in the dissociation of Tap42 from both Sit4 and Pph21. To show that rapamycin can dissociate Tap42 from Sit4 at various stages of the cell-cycle, we arrested expo- nentially growing cells in early S phase by the addition of hydroxyurea or in M phase by the addition of nocodazole (arrests were confirmed by budding index and flow cytometry; data not shown). The arrested cells were subsequently treated with rapamycin or drug vehicle. Rapamycin caused the dissociation of Tap42 from Sit4:HA in cells arrested in early S phase by hydroxyurea (Fig. 5B , lanes 1,2) and in cells arrested in M phase by nocodazole (Fig. 5B, lanes 3,4) . As expected, rapamycin had no effect on the Sap155/Sit4 complexes (Fig. 5B, lanes 1--4) . The amount of Tap42 protein was similar for each extract, as determined by Western analysis (Fig. 5B, lanes 1-4) . These results show that the dissociation of Tap42 from Sit4 by rapamycin is independent of cell-cycle position.
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A rapamycin-resistant TOR2 mutation prevents dissociation of Tap42 from Sit4 by rapamycin Dominant point mutations in either TOR1 or TOR2 confer resistance to rapamycin, probably by reducing the affinity of the Tor proteins for the rapamycin/FKBP inhibitory complex (Heitman et al. 1991; Cafferkey et al. 1993) . To test whether the effect of rapamycin on the association of Tap42 with Sit4 is via the Tor-signaling pathway, we took advantage of the dominant rapamycinresistant TOR2 s~gzSR mutation (Freeman et al. 1996) . Cells containing either HA-tagged or untagged Sit4 were transformed with the TOR2 or TOR2 s197sR plasmids. In cells with the extra copy of wild-type TOR2, rapamycin still caused the dissociation of Tap42 from Sit4:HA (data not shown). In contrast, rapamycin did not cause the dissociation of Tap42 from Sit4:HA when the dominant rapamycin-resistant TOR2 s197sR mutation was present (Fig. 5B, lanes 5,6) . The amount of Tap42 protein was similar for the extracts, as determined by Western analysis (Fig. 5B, lanes 5,6) . Therefore, rapamycin causes the dissociation of Tap42 from Sit4 by inhibiting the Torsignaling pathway.
Tap42 is not associated with Sit4 in cells starved for nutrients
When yeast cells are limited for nutrients, they do not proceed through Start in late G1 but, instead, exit the mitotic cell-cycle and enter stationary phase (WernerWashburne et al. 1993 ). Stationary phase is characterized by several physiological properties, including reduced protein synthesis, accumulation of glycogen, thermotolerance, resistance of the cell wall to digestion by Zymolyase, and alterations in patterns of "transcription (Werner-Washburne et al. 1993) . Loss of Tor function (rapamycin treatment or Tor depletion) causes yeast cells to arrest in a Gl-like state with reduced protein synthesis and certain characteristics of stationary phase cells (Barbet et al. 1996) . We examined the association of Tap42 with Sit4 in
Cold Spring Harbor Laboratory Press on November 1, 2017 -Published by genesdev.cshlp.org Downloaded from stationary and exponential phase cells in four different culture media. In the dividing cells, Tap42 associated with Sit4:HA (Fig. 6A, lanes 1,3,5,7) . Interestingly, the association of Tap42 with Sit4:HA was dramatically reduced when the cells were grown in medium with glycerol/ethanol, a poor carbon source (Fig. 6A, lane 5) . Therefore, relative to glycerol/ethanol, glucose greatly stimulates Tap42/Sit4 complex formation. In contrast to A YP-Glu SC-Glu SC-GE SD-Glu I I I II I I I Tap42 (Fig. 6A, lanes 1-8) . In contrast, Sap155/Sit4 complex formation was only slightly different in the stationary cells compared with the exponentially growing cells (Fig. 6A, lanes 1-8) . Similar experiments showed that Tap42 did not associate with Pph21:HA in stationary cells, whereas the amount of Tpd3 or Cdc55 associated with Pph21 :HA was similar to that in dividing cells (data not shown). Therefore, in the absence of nutrient growth signals, Tap42 does not associate with either Sit4 or Pph21.
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When stationary phase cells are given nutrient growth signals, the Tor-signaling pathway is required for Tap42 to associate with Sit4 and Pph21
Giving nutrient growth signals to stationary-phase cells by dilution into fresh medium caused Tap42 to associate with Sit4:HA (Fig. 6B, lanes 1--4) . In contrast, when stationary cells were diluted into fresh medium containing rapamycin, hardly any Tap42 associated with Sit4:HA (Fig. 6B , lanes 5-8) even though Tap42 was present in the extracts (Fig. 6B, lanes 1-8) . Similar results and kinetics were obtained for Tap42/Pph21:HA complex formation upon refeeding stationary cells (data not shown). Upon refeeding, the association of Tap42 with both Sit4 and Pph21 slightly preceded progression into the mitotic cell cycle (as determined by flow cytometry and budding index; data not shown). Therefore, when stationary cells are given nutrient growth signals, the Tor-signaling pathway is required for Tap42 to associate with Sit4 and Pph21.
At the nonpermissive temperature, tap42-11 cells have a defect in translation initiation
Rapamycin causes an unbudded arrest (Heitman et al. 1991) . After 4 hr at 37°C, the temperature-sensitive tap42-11 strain (CY4908) arrested growth with 73% unbudded cells. In contrast, the isogenic TAP42 strain (CY4907) continued to divide during the 4 hr at 37°C and had only 29% unbudded cells. Therefore, tap42-11 mutants arrest primarily as unbudded cells. Barbet et al. (19961 showed that addition of rapamycin to a wild-type strain or a defect in Tor function inhibited translation. If Tap42 functions in the Tot-signaling pathway, a defect in Tap42 should also result in the inhibition of translation. When a TAP42 strain was shifted to 37°C, the polysome levels remained high (Fig. 7A) . In contrast, the isogenic tap42-11 strain had slightly reduced levels of polysomes when grown at 24°C but had dramatically reduced levels of polysomes and a large increase in 80S ribosomes when grown at 37°C (Fig. 7A) . Addition of cycloheximide to the tap42-11 cells prior to the shift to 37°C completely prevented the loss of polysomes and prevented the increase in 80S ribosomes (data not shown). Therefore, a defect in Tap42 results in a block in the initiation of translation. Figure 7 . Tap42 is required for the initiation of translation. (A) TAP42 (CY4927) and isogenic tap42-I1 (CY4928) cells, growing exponentially in YP-glucose medium at 24°C, were shifted to 37°C for 4 hr. Five min prior to harvesting the cells, cycloheximide was added to 100 ~g/ml. Extracts were prepared and loaded onto sucrose gradients as described in Zhong and Arndt (1993) . (B) Model of the Tot/Tap42 signal transduction pathway (for further details, see Discussion).
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Discussion
Tap42 is a new type 2A phosphatase-associated protein
PP2A catalytic activity in yeast is essential and is required for a normal actin cytoskeleton, bud morphogenesis, and the advancement from G 2 into mitosis (Ronne et al. 1991; Lin and Arndt 1995) . In contrast, Tpd3 (Asubunit) and Cdc55 (B-subunit) are not essential (Healy et al. 1991; van Zyl et al. 1992) . Loss of Tpd3 reduces RNA polymerase III activity and causes a defect in cytokinesis, whereas loss of Cdc55 causes elongated buds and a partial block of septation (Healy et al. 1991; van Zyl et al. 1992 ). Sit4, a type 2A-related phosphatase catalytic subunit, is required in late G1 for Start and for bud formation. Sit4 associates in a cell cycle-dependent manner with Sap155, Sap185, and Sapl90 (Sutton et al. 1991a; Luke et al. 1996) . The Saps function positively with Sit4, and the effects caused by the loss of Sap function are similar to the loss of Sit4 (Luke et al. 1996) . Our experiments show that Sit4 and PP2A do not detectably share the previously identified subunits. The Saps are unique to Sit4, whereas Tpd3 and Cdc55 are unique to PP2A. Nickels and Broach (1996) have suggested that the budding yeast ceramide-activated protein phosphatase is composed of regulatory subunits encoded by TPD3 and CDC55 and a catalytic subunit encoded by SIT4. In their report, Nickels and Broach showed that Sit4 and Tpd3 cofractionated with the peak of ceramideactivated phosphatase activity over three columns, but they did not demonstrate that Sit4 physically associated with either Tpd3 or Cdc55. We have not been able to detect Tpd3 or Cdc55 in immunoprecipitates of Sit4. For these experiments, the immunoprecipitations were done in the presence or absence of ceramide, and Sit4 was tagged with the HA epitope at the amino-terminal end or Cold Spring Harbor Laboratory Press on November 1, 2017 -Published by genesdev.cshlp.org Downloaded from with the HA epitope or polyoma epitope at the carboxyterminal end ( Fig. 2; data not shown). Although one could argue that the epitope tags on Sit4 might reduce the association of Sit4 with both Tpd3 and Cdc55, our failure to detect Tpd3 and Cdc55 in Sit4 immunoprecipitates raises the possibility that the peak of ceramideactivated protein phosphatase activity obtained by Nickels and Broach contained not only Sit4 (which has a very weak phosphatase activity toward model substrates in vitro) but also Pph21 and Pph22 complexed with Tpd3 and Cdc55. Such PP2A complexes might give rise to the bulk of ceramide-activated protein phosphatase activity seen in vitro.
In this report we identify a new type 2A phosphataseassociated protein, Tap42. Unlike Tpd3, Cdc55, and the Saps, Tap42 associates with both PP2A and Sit4. Tap42 is not a general protein phosphatase-associated protein because it is not present in type 1 phosphatase immunoprecipitates. We suggest that Tap42 provides a function distinct from the previously identified proteins that associate with Sit4 and PP2A.
The association of Tap42 with Sit4 and Pph21 does not require the previously identified phosphatase subunits
The Saps are not required for Tap42/Sit4 complex formation. In addition, Tap42 does not detectably coprecipitate with Sap155:HA or Sapl90:HA. Moreover, overexpression of Sap155 or Sapl90 does not compete with Tap42 for binding to Sit4 {data not shown}. In contrast, in these same strains, Sap155 and Sapl90 do compete with each other for binding to Sit4 (Luke et al. 1996) , suggesting that there is a single Sap-binding site on Sit4. These findings, along with the lack of sequence similarity between Tap42 and the Saps, suggest that there is a binding site on Sit4 that specifies association with Tap42 and that this site is distinct from the Sap-binding site. Likewise, Tpd3 and Cdc55 are not required for the association of Tap42 with Pph21. In contrast, Cdc55 requires Tpd3 to associate with Pph21.
Tap42 functions positively with both Sit4 and Pph21
Our first line of evidence indicating that Tap42 functions positively with Sit4, Pph21, and Pph22 was that overexpression of Tap42 suppressed the temperaturesensitive phenotype of sit4-102, pph21-102, or pph22-102 cells. The second line of evidence suggesting that Tap42 functions positively with both Sit4 and Pph21 was that overexpression of both Sit4 and Tap42 or both Pph21 and Tap42 resulted in a slower growth rate than overexpressing either Sit4 alone or Pph21 alone. If Tap42 was negatively regulating Sit4 and Pph21, overexpression of Tap42 in cells overexpressing Sit4 or Pph21 should have had either no effect on the growth rate or should have partially cured the growth rate defect. Instead, the growth rate tests show that Tap42/Sit4 complexes and Tap42/Pph21 complexes have an activity that is not provided by either Tap42 alone or the phosphatases alone.
Alterations in Sit4 or Tap42 can confer rapamycin resistance
Rapamycin inhibits the function of the TOR1 and TOR2 proteins and arrests cells in G1 (Heitman et al. 1991; Cafferkey et al. 1993; Kunz et al. 1993; Stan et al. 1994; Zheng et al. 1995) . A dominant point mutation in either TOR1 or TOR2 can render a cell resistant to rapamycin. Similarly, the tap42-11 allele also gives rapamycin resistance that is semidominant. This finding was the first indication that Tap42 might be a component of the rapamycin-sensitive Tor signaling pathway. In addition, whereas overexpression of Sit4 confers weak rapamycin resistance, overexpression of Pph21 does not confer rapamycin resistance. This finding suggests that Sit4 may also be a component, possibly as part of Tap42/Sit4 complexes, of the rapamycin-sensitive Tor signaling pathway.
Significance of the similarity of Tap42 to a4
Tap42 has significant sequence identity to the murine ~x4 protein, which is phosphorylated by the addition of phorbol esters or upon stimulation of the immunoglobulin-~ receptor in B cells (Kuwahara et al. 1994; Inui et al. 1995) . That nutrient growth signals, via the Tor proteins, stimulate the association of Tap42 with Sit4 and the catalytic subunits of PP2A raises the possibility that ~4 may also be a component of a similar or equivalent signaling pathway. Possibly, or4 may associate with the mammalian type 2A and type 2A-related phosphatases in response to stimulation of the immunoglobulin receptor or the addition of phorbol esters. Such a signal transduction pathway would be distinct from the type 2B phosphatase pathway that is activated in response to increases in intracellular Ca 2 + as a result of the phosphatidylinositol second messenger pathway (Liu et al. 1991; Gold et al. 1992) .
The Tor pathway and nutrient growth signals are required for the association of Tap42 with the phosphatases
Rapamycin causes a rapid dissociation of Tap42 from both Sit4 and Pph21 while having no effect on the association of the Saps with Sit4 or the association of Tpd3 and Cdc55 with Pph21. Moreover, the dissociation of Tap42/Sit4 complexes by rapamycin is independent of cell-cycle position. In normal cycling cells, Tap42 may associate with the phosphatases at all stages of the cellcycle. In experiments where cdcl5 cells were synchronized in late mitosis by arresting at 37°C, we could detect no changes in the relative levels of Tap42 coprecipitating with Sit4 at various times after shifting to 24°C (data not shown}.
Importantly, rapamycin does not dissociate Tap42/ Sit4 complexes in cells containing the dominant rapam-ycin-resistant TOR2 s197sR mutation. Therefore, a functional Tor-signaling pathway is required for Tap42 to associate with Sit4. In stationary cells, hardly any Tap42 is associated with either Sit4 or Pph21, whereas the association of the Saps, Tpd3, and Gdc55 with these phosphatases is only slightly or not at all affected under these conditions. In addition, the association of Tap42 with both Sit4 and Pph21 is rapidly induced upon nutrient refeeding. In contrast, when stationary cells are released into fresh medium containing rapamycin, hardly any Tap42 associates with Sit4 or Pph21. These findings suggest that the Tor-dependent binding of Tap42 to Sit4 and Pph21 is required for cells to enter the mitotic cell cycle.
Recently, it was shown that the addition of rapamycin or the loss of Tor function causes a defect in the initiation of translation and the induction of several characteristics (such as glycogen accumulation) of cells entering stationary phase (Barbet et al. 1996) . These investigators suggested that the Tor-signaling pathway might sense and relay the availability of nutrients. In this report we have shown that like the Tor proteins, Tap42 is also required for the initiation of translation. Moreover, after 4 hr at 37°C, a temperature-sensitive tap42-11 mutant acquires several of the characteristics of cells entering stationary phase, including the accumulation of high levels of glycogen and greatly increased resistance of the cell wall to digestion by Zymolyase (data not shown). Therefore, Tap42, possibly via Tor-dependent association with the Sit4, Pph21, and Pph22 phosphatases, might transmit nutrient growth signals to downstream processes such as the initiation of translation. In addition to the requirement of Tap42 for the initiation of translation, Tap42 may perform other functions that are required for cell-cycle progression.
Functional significance of the association of Tap42 with both Sit4 and PP2A
Temperature-sensitive sit4 mutants arrest in late G1 (Sutton et al. 1991a) , whereas temperature-sensitive pph21 or pph22 mutants arrest in G 2 (Lin and Arndt 1995) . These cell-cycle arrest phenotypes define the unique functions of the phosphatases. The late G1 function of Sit4 is unique to the Sit4 phosphatase (PP2A cannot perform this function) and requires the interaction of Sit4 with the Sap proteins (Luke et al. 1996) . Likewise, the G2 function of PP2A is unique to Pph21/Pph22 and Sit4 cannot perform this function.
In contrast to sit4 mutants or pph21 mutants, temperature-sensitive tap42-11 cells arrest primarily in a G1-like state with several characteristics of cells entering stationary phase. Possibly, Sit4 and Pph21/Pph22 have redundant roles for Tap42 function: A sit4-102 pph21-102 double mutant (temperature-sensitive for both Sit4 and type 2A phosphatases) arrests after 4 hr at 37°C in a state that is very similar to that of arrested tap42-11 cells {primarily unbudded cells, high levels of glycogen, a cell wall highly resistant to digestion by Zymolyase, and a block in the initiation of translation; data not shown).
Tap42 and Tot signaling
Neither sit4 nor pph21 single mutants arrest with all of these characteristics.
We envision the following model for the functional significance of the association of Tap42 with both Sit4 and PP2A (Fig. 7B) . Nutrient growth signals activate the Tor proteins; and the activated Tor proteins, possibly via intermediary factors or events, cause the association of Tap42 with Sit4, Pph21, and Pph22. For the regulated association of Tap42 with the phosphatases, which provide redundant functions with respect to Tap42, we propose two possibilities. First, Tap42 would function as a positive regulatory subunit for the phosphatases so that the Tap42/phosphatase complex is active for a specific phosphatase function. For the rapamycin-resistant tap42-11 mutant, Tap42-11 protein might be stably associated with the phosphatases and maintain a specific phosphatase activity that is insensitive to rapamycin. Second, Tap42 would be regulated by the phosphatases for a specific Tap42 function. For instance, the phosphatases might dephosphorylate Tap42, thereby regulating the ability of Tap42 to perform some function. In the case of the rapamycin-resistant tap42-11 mutant, the function of the Tap42-11 protein would be less dependent on the association with the phosphatases. Rapamycin, which inhibits the Tor-signaling pathway and prevents the association of wild-type Tap42 with the phosphatases, would either cause a reduction in the amount of Tap42/phosphatase-specific phosphatase activity or prevent the normal regulation of Tap42 function by the phosphatases. Whether or not the Tor-dependent association of Tap42 with the phosphatases is required for the translation initiation function of Tap42 remains to be determined. Future experiments will be directed at the elucidation of the role of the interaction of Tap42 with the phosphatases for cell-cycle progression and of the mechanism by which Tap42 is required for translation.
Materials and methods
Strains and growth conditions
Yeast strains are listed in Table 1 . Rich (YP), synthetic complete (SC), and minimal (SD) media are as in Luke et al. (1996) . Carbon sources were at 2% wt./vol, final. For plasmid selection, the appropriate amino acid or uracil was omitted.
Isolation of high copy number suppressors
A sit4-102 strain (CY2813) was transformed with a high copy number library of yeast genomic DNA inserts in YEp24 (Carlson and Botstein 1982) . After 4 days at 24°C, the transformants (60,000) were replica plated onto YP-glucose plates and incubated at 37°C and 38°C for 1-2 days. Of the initial 1000 temperature-sensitive + (Ts+) transformants, 100 retested with a reproducible Ts + phenotype. For 40 of the 100 Ts + transformants, Ura-segregants that lost the library plasmid gave back the original Ts phenotype. The library plasmids were recovered from these 40 transformants. Of these, 34 contained the SIT4 gene and 1 contained SSDI-v (Sutton et al. 1991a) . For the other five plasmids, one contained SAP155, one contained PCL1/HCS26, and three contained TAP42. Sutton et al. (1991a) , and CY969 and CY971 are from Sutton et al. (1991b) . All other strains are from this study.
MATa
CY4776
MATa
CY4777
MATa
CY4800
MATa
CY4802
MATa
CY4907
MATa
CY4908
MATa
CY4927
MATa
CY4928
MATa
CY5041
MA Ta
CY5042
MATa
CY5391
MATa
CY5408
MATa
CY5409
MA Ta
CY5486
MA Ta
CY5487
MATa
CY5488
MA Ta
CY5489
MATa
CY5607
MA Ta
CY5628
MA Ta
CY5632
MA Ta
CY5633
MA Ta
CY5637
DNA sequencing
The TAP42 gene was localized on the original TAP42-containing library plasmids by subcloning restriction fragments into YEp24 and assaying for the ability to rescue the temperature- 
Deletion alleles of TAP42
Oligonucleotide-directed mutagenesis (Kunkel 1985) gene on a plasmid could not grow in the absence of the plasmid.
Epitope-tagged Sit4, Glc7, Pph21, and Pph22
Sit4, epitope tagged at the amino terminus (Sit4:HA), is as described (Sutton et al. 1991a ). Epitope-tagged Glc7 (Glc7:HA) is as described (Sutton et al. 1991b ). For epitope-tagged Pph21 (Pph21:HA) and Pph22 (Pph22:HA), a duplex oligonucleotide encoding a single copy of the HA epitope was inserted in-frame between the second and third codons of either gene IF. Lin and K.T. Arndt, unpubl.) .
Expression of TAP42 from the GALl promoter A BamHI restriction site was created by oligonucleotide-directed mutagenesis (Kunkel 1985) 
Preparation of anti-Tap42 antibodies
A 465-bp ScaI-AvaII fragment { 135 codons) and a 325-bp AvaIIAvaII fragment (108 codons) encoding different regions of Tap42 were inserted downstream of the malE gene in the pMAL-c2 vector (NEB), yielding plasmids pCB2620 and pCB2621, respectively. The Tap42 fusion proteins were expressed in Escherichia coli and purified on an 8% SDS-polyacrylamide gel. Crushed gel slices for the two fusion proteins were combined and used to raise polyclonal antibodies in rabbits (HRP, Inc.).
Preparation of total protein extracts and Western immunoblots
Cellular extracts and Western immunoblots were prepared as described (Sutton et al. 1991a) , except for minor changes, including protein G beads (Pharmacia) being used for immunoprecipitation. For the Western blots, antibodies and their dilutions were polyclonal rabbit anti-Tap42 (1:2000); ascites fluid containing monoclonal anti-Sap155 (1:10,000; Luke et al. 1996) ; polyclonal rabbit anti-Sapl90 (1:1000; Luke et al. 1996) ; polyclonal rabbit anti-Tpd3 
Cell cycle synchronization
For early S-phase arrest, cells were grown exponentially at 30°C in YP-glucose medium to an OD6o o of 0.24, and hydroxyurea powder (Fluka) was added to 0.2 M. After 3 hr at 30°C, which arrested the cells in early S phase as determined by flow cytometry, either drug vehicle (50% methanol/50% dimethylsulfoxide) or rapamycin {1 mg/ml in drug vehicle) was added. For M-phase arrest, cells were grown exponentially at 30°C in YPglucose medium to an OD6o o of 0.24 and nocodazole {Sigma; 15 mg/ml in dimethylsulfoxide) was added to 15 ~g/ml. After 3 hr at 30°C, which arrested the cells in M phase as determined by flow cytometry, either drug vehicle or rapamycin (1 mg/ml in drug vehicle) was added.
Isolation of tap42-11
The TAP42 gene on a LEU2/CEN plasmid (pCB2537) was mutagenized with hydroxylamine {Rose and Fink 1987) so that 5% did not complement for TAP42. Mutagenized plasmids were transformed into strain CY4391, which has a chromosomal deletion of TAP42 and the TAP42 gene on a URA3/CEN plasmid. Leu + transformants that had subsequently lost the URA3/CEN plasmid were selected on 5-fluoro-orotic acid (Boeke et al. 1984) and screened for a temperature-sensitive phenotype. From 22,000 transformants screened, we obtained one TAP42 plasmid (pCB2814) with a temperature-sensitive allele (tap42-11).
